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ABSTRACT
A growing body of research suggests that the efferent
innervation to the cochlea, the olivocochlear bundle, plays
a role in modulating the mechanical function of the
cochlea. Some of the more provocative findings supporting
an hypothesis of OCB modulation have come from studies
which assessed efferent influences on tuning curves and
acoustic distortion products, two measures thought to be
sensitive indicators of cochlear mechanical function. While
the OCB appears to be capable of modifying cochlear
mechanics, the functional role attributed to the efferents
has been difficult to define. For example, some studies
which have transected all or part of the OCB have found
changes in cochlear tuning, while others have not.
Similarly, investigations which have electrically or
acoustically stimulated the OCB have yielded contradictory
findings. Particularly little is known about the role of
tonic OCB input in cochlear function.
The purpose of this project was to determine the
influence of tonic efferent input on cochlear mechanics, by
transecting the entire olivocochlear bundle (OCB) in guinea
pigs, and observing changes in tuning curves and acoustic
distortion products. The olivocochlear bundle was
transected by avulsing the inferior vestibular nerve as it

enters the internal auditory canal of the right bulla.
Auditory brainstem response (ABR) thresholds, ABR tuning
curves, and acoustic distortion products were measured
before and after surgery. Successful transection of the OCB
was verified histochemically.
Results revealed no consistent changes in tuning
curves or in the growth functions of the acoustic
distortion products. It was therefore concluded that tonic
olivocochlear input is not necessary for normal cochlear
mechanical function. It appears that the OCB normally
exerts an influence on cochlear mechanics only when
activated by sound. Possible roles for the OCB in the
forward masking phenomenon were discussed, as well as a
putative OCB role in reducing the auditory input to
cochlear nucleus and higher centers, to improve central
auditory processing.

INTRODUCTION

A growing body of research suggests that the cochlea
is not a passive transducer, but can generate energy to
mechanically alter its function. The structures thought to
be involved in these mechanical changes include the basilar
membrane, outer hair cells, and tectorial membrane. Recent
evidence indicates that the outer hair cells have motile
capabilities, and may be under the influence of cochlear
efferent fibers, the olivocochlear bundle (OCB). As such,
it is possible that cochlear mechanics are likewise
modulated by the OCB. Some of the more provocative findings
supporting an hypothesis of OCB modulation have come from
studies which have assessed efferent influences on tuning
curves and acoustic distortion products, two measures
thought to be sensitive indicators of cochlear mechanical
function.
While it appears that the OCB is capable of
influencing cochlear mechanics, the functional role
attributed to the efferent system has been difficult to
define. For example, some studies which have transected all
or part of the OCB have found changes in cochlear tuning,
while others have not. Similarly, investigations in which
the OCB is electrically or acoustically stimulated have
yielded contradictory findings. Furthermore, because most

of the studies have either employed stimulation of the OCB,
or partial transection of the fibers, little is known
regarding the role of tonic efferent input on cochlear
function.
The purpose of this study was to examine the influence
of tonic efferent input on cochlear mechanics, by
transecting the entire OCB and observing changes in tuning
curves and acoustic distortion products. In establishing
the rationale for this investigation, the following
sections will review the anatomy, pharmacology, and
physiology of the cochlear efferents.

Anatomy of the Cochlear Efferent System

The efferent innervation of the cochlea was first
described by Rasmussen (1946) in cats. In a later study,
Rasmussen (1953) termed the efferent fibers the
"olivocochlear bundle" (OCB) because of their origin in
brainstem olivary nuclei, and termination in the cochlea.
While the exact points of termination within the cochlea
were then unknown, it was subsequently shown in guinea pig
(Engstrom and Wersall, 1953) and cat (Smith and Rasmussen,
1963) that the OCB innervated both inner hair cells (IHC)
and outer hair cells (OHC).
More recently, Warr (1975) and Warr and Guinan (1979)
demonstrated that the cat OCB was composed of two separate

systems, projecting differentially to IHCs and OHCs:

(1)

The majority of OHC innervation arises from contralateral
medial superior olivary (MOC) nuclei, while a smaller
percentage of innervation arises from ipsilateral MOC
nuclei; (2) IHCs receive efferent innervation primarily
from ipsilateral lateral superior olivary (LOC) nuclei,
with a lesser innervation from contralateral LOC nuclei.
The findings of Warr and Guinan (1979) were confirmed
and extended by Guinan et al. (1983), who estimated that 9
to 11% of cat LOC projections were to contralateral IHCs,
with the vast majority of LOC innervation projecting to
ipsilateral IHC. Both ipsilateral and contralateral LOC
innervation of the cochlea was via thin, unmyelinated
axons. In contrast, the MOC system was shown to have a
predominantly contralateral innervation pattern to the OHCs
via thicker, myelinated fibers. Specifically, 72 to 74% of
MOC projections were to contralateral OHCs, while the
remaining minority of MOC innervation was to ipsilateral
OHCs. A decrease in efferent innervation toward the apical
end of the cochlea was again reported, consistent with
observations in cat (Spoendlin, 1970; Guinan et al. 1984),
guinea pig (Smith and Sjostrand, 1961), and in Old World
monkey (Bodian, 1978).
The two efferent systems also differ in their synaptic
terminations at the hair cells. LOC fibers synapse on
afferent dendrites under IHCs (Spoendlin, 1966; Dunn, 1975;
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Liberman 1980a, 1980b). In contrast, MOC fibers terminate
directly on OHCs, possibly with a few synapses onto OHC
afferent dendrites as well (Engstrom, 1958; Spoendlin,
1966; Dunn, 1975). When the entire OCB is transected at the
lateral floor of the fourth ventricle in guinea pig (Wright
and Preston, 1973; 1975), in Old World monkey (Bodian and
Gucer, 1980) and in cat (Smith and Rasmussen, 1963;
Liberman, 1989; Warren and Liberman, 1989a; 1989b),
complete degeneration of efferent synapses is seen in the
cochlea. Similarly, when the OCB is completely interrupted
at a more peripheral point, by transecting the inferior
vestibular nerve in guinea pigs (earlier and Pujol, 1982),
in Old World monkeys (Bodian and Gucer, 1980), and in cat
(Liberman, 1989; Warren and Liberman, 1989a, 1989b),
elimination of efferent synapses is observed. In the
following section, it will be shown that OCB transection
also results in a reduction of neurotransmitter enzymes.

Pharmacology of the Cochlear Efferent System

A substantial body of evidence suggests that
acetylcholine (ACh) is the neurotransmitter of the efferent
system. Acetylcholinesterase (AChE), the enzyme which
catalyzes the hydrolysis of ACh, has been localized to cat
efferent fibers (Churchill et al., 1956; Churchill and
Schuknecht, 1959, Schuknecht et al., 1959). Warr (1975)

subsequently demonstrated that virtually all cat OCB fibers
were AChE positive, and that olivary nuclei which were
retrogradely labelled by horseradish peroxidase, were also
AChE-positive. Furthermore, AChE has been consistently
identified in and around cochlear structures associated
with efferent innervation in rat (Godfrey and Ross, 1985),
in cat (Klinke, 1981; Altschuler et al., 1980, 1983), and
in guinea pig (Godfrey et al., 1976; Altschuler et al.
1980, 1983; Brown, 1987). In the aforementioned studies,
cholinergic staining was localized to the inner spiral
bundle, tunnel spiral bundle, tunnel crossing fibers, and
directly beneath the three rows of OHCs.
Choline acetyltransferase (ChAT), the synthesizing
enzyme for ACh, has likewise been localized within the
cochlea (Fex and Wenthold, 1976; Godfrey et al. 1976;
Godfrey and Ross, 1985; Altschuler et al. 1985) and within
efferent fibers (Jasser and Guth, 1973; Altschuler et al.,
1985).
Subsequent to interruption of the OCB at the brainstem
level in cat (Schuknecht et al., 1959), and chinchilla
(Smith and Rasmussen, 1963), a dramatic decrease in
cholinesterase-positive structures is seen within the
cochlea. Similarly, Littman et al. (1990) demonstrated that
minimal cholinesterase staining remained in guinea pig
cochleae following total transection of the OCB within the
inferior vestibular nerve.

Along with ACh, other candidates for cochlear efferent
neurotransmitter (or co-transmitter) have been proposed.
Fex and Altschuler (1981), and Hoffman et al. (1981)
offered evidence that neuroactive peptides may play a role
in cochlear efferent transmission. Similarly, calcitonin
gene-related peptide has been detected in the OCB of cat
and rat (Hoffman et al., 1983; Schweitzer et al., 1985).
The co-localization of ChAT, enkephalins, and dynorphins in
efferent terminals (Altschuler et al., 1984) also suggests
a possible neuromodulator role for these neuropeptides.
Finally, the inhibitory amino acid gamma-aminobutyric acid
(GABA) has been suggested as an efferent transmitter in the
cochlea (Klinke and Oertel, 1977; Gulley et al. 1979).
In contrast to its proposed role in the efferent
system, ACh does not appear to be involved in afferent
cochlear transmission. Rather, an excitatory amino acid
such as glutamate may be the afferent hair cell
neurotransmitter (Bobbin and Thompson, 1978; Bobbin, 1979).
In addition, ’'auditory nerve activating substance," an
amino acid with some similarities to GABA, has been
proposed as an afferent neurotransmitter by Sewell et al.
(1978). It thus appears that the cochlear efferent system
is chemically distinct from the afferent system.
While a number of the anatomic and pharmacologic
properties of the OCB have been established, the functional
role of the cochlear efferent system remains unclear. At

least some of this uncertainty has arisen from seemingly
contradictory experimental findings. Many of the studies
described below did not attempt to study the MOC as
distinct from the LOC. Rather, electrical stimulation and
transection were often performed at the midline of the
floor of the fourth ventricle, affecting both the crossed
MOC and LOC fibers. These fibers collectively comprise the
crossed olivocochlear bundle (COCB). Therefore, the term
COCB will be used hereafter, in discussions of
physiological studies that manipulated cochlear efferents
at the midline of the brainstem.

PHYSIOLOGY OF COCHLEAR EFFERENTS

Electrical Stimulation of Cochlear Efferents

Electrical stimulation of the COCB has been shown to:
(1) Increase the amplitude of the cochlear microphonic
(Fex, 1959;

Sohmer, 1965; Teas et al., 1970); (2) Decrease

the amplitude of the compound action potential (Galambos,
1956; Fex, 1959; Desmedt, 1962; Wiederhold and Peake,
1966); (3) Shift the endocochlear potential by
approximately -3 mV (Fex, 1967); and (4) Reduce inner hair
cell receptor potentials for low levels of acoustic
stimulation (Brown and Nuttall, 1984). Furthermore,

electrical stimulation of the COCB can reduce the negative
summating potential (SP), and increase the positive SP
(Konishi and Slepian, 1970; Gans, 1977).
The inhibitory effects of electrical stimulation of
the COCB have also been seen in studies of auditory nerve
function. For example, both Fex (1962) and Wiederhold and
Kiang (1970) demonstrated that the firing rates of cat
single auditory nerve fibers at characteristic (or best)
frequency (CF) were substantially depressed during
electrical stimulation of the COCB. Suppressive effects of
COCB stimulation were less for stimuli remote from CF.
In addition, electrical stimulation of the COCB
in guinea pig appears to reduce the effect of maskers on
neural responses to clicks (Nieder and Nieder, 1970a;
1970b). This "release from masking1* suggests the neural
response to masking is suppressed more by the electrical
stimulation than is the neural response to the clicks.
Winslow and Sachs (1985) found that stimulation of the cat
COCB extended the dynamic range (at low and high stimulus
intensities) over which the intensity of a tone presented
in noise can be coded by average neural firing rate. A
similar, but more complex effect was reported by Dolan and
Nuttall (1988), who observed that electrical stimulation of
the COCB reduced CAP masking for low- to moderateintensity acoustic stimuli, while CAP masking for high
intensity stimuli was increased. Thus, electrical

stimulation of the COCB generally improves the neural
signal-to-noise ratio, implying an improvement in frequency
selectivity.
A putative role in reducing cochlear damage from
acoustic trauma has also been ascribed to cochlear
efferents. However, evidence for this role seems less
certain. For example, Rajan and Johnstone (1988) reported
that electrical stimulation the OCB in guinea pig can
reduce cochlear damage resulting from acoustic trauma. In
contrast, Liberman (1990) reported that sound-evoked
stimulation of the OCB did not appear to significantly
protect the inner ear from acoustic injury in cat. It seems
unlikely that this discrepancy can be explained solely on
the basis of species differences.
Frequency tuning curves appear to be sensitive
indicators of cochlear mechanics (Dallos and Cheatham,
1976; Harrison et al., 1981), and have been employed to
assess functional properties of the OCB. Typically, the
measure of interest is the Qi0/ which is the center
frequency divided by bandwidth 10 dB above the tip of the
tuning curve. Single unit tuning curves in cats were found
to exhibit a 5 to 33% decrease in Qao during electrical
stimulation of the COCB (Wiederhold, 1970; Wiederhold and
Kiang, 1970). Gifford (1984) selectively stimulated
contralateral and ipsilateral MOC fibers, and noted a 13%
reduction in Q Xo with contralateral stimulation, and a 7%

reduction with ipsilateral stimulation. These data thus
indicate that electrical stimulation of the efferent system
broadens tuning. Such findings, however, are not consistent
with data presented earlier, indicating that electrical
stimulation of the COCB leads to a reduction in masking
effects, which implies improved frequency selectivity
(Nieder and Nieder, 1970a; 1970b; Winslow and Sachs, 1985).
Therefore, while it does appear that electrical stimulation
of the efferent system may alter cochlear mechanics, it is
not clear whether the mechanical changes improve or worsen
tuning.
Changes in cochlear mechanics following electrical
stimulation of the COCB have also been studied using
acoustic distortion products. Distortion products can be
measured acoustically in the ear canal (Wilson, 1980; Zurek
et al., 1982), when two primary tones, designated fa and fz
(fx < f2 ) are presented to the ear simultaneously. The
distortion products are additional tones, not present in
either of the primaries. The most prominent distortion
product occurs at the cubic intermodulation distortion
frequency 2fa.-fa, although others may be seen as well.
Distortion products are thought to reflect the mechanical
interaction of the primaries along the basilar membrane
(Kim et al., 1980; Wit and Ritsma, 1980). Moreover, Horner
et al. (1985) has provided evidence that the distortion
product arises predominantly from the OHCs: Distortion
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products could be recorded from mutant mice when most IHCs
were absent. However, distortion products could not be
recorded when OHCs were deficient.
One approach to the exploration of the interaction of
cochlear efferents and cochlear mechanics, has been to
monitor the effects of contralateral acoustic stimulation
on distortion products. Puel and Rebillard (1990) found
that contralateral white noise significantly reduced the
magnitude of distortion products recorded from the ear
canals of guinea pigs. Similarly, Brown and Norton (1990)
reported that contralateral broad band noise or pure tones
altered the amplitude of distortion products recorded from
human ear canals. To avoid contamination of the results by
the middle ear acoustic reflex, Puel and Rebillard (1990)
sectioned the middle ear muscles of the animals, while
Brown and Norton (1990) presented the contralateral stimuli
at levels below the subjects' acoustic reflex threshold.
Rather than attribute alterations in distortion product
amplitude to contralateral activation of efferents. Place
et al. (1990) indicated that the middle ear muscle reflex
is primarily responsible for the reduction in distortion
products recorded from rabbit ear canals in the presence of
contralateral pure tones. Other than possible speciesrelated differences, no explanation for the conflicting
results described above is forthcoming. The effects of
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contralateral sound stimulation on cochlear mechanics thus
remains unclear.
Of particular interest to the present study are the
findings that electrical stimulation of the COCB altered
the distortion products recorded in guinea pig (Mountain,
1980) and gerbil (Siegel and Kim, 1982). Given that COCB
innervation is primarily to OHCs, it again follows that
OHCs are significantly involved in distortion product
generation. Furthermore, because the distortion product
appears to reflect the integrity of cochlear mechanical
processes, electrical stimulation of the COCB again appears
to alter cochlear mechanics. Systematic evaluation of
distortion products following transection of the OCB has
not been reported.

Transection of Cochlear Efferents

Because electrical stimulation of the OCB is not a
natural physiological event, transection of all, or part of
the efferent pathway has been employed to infer OCB
function. Typically, COCB interruption does not elevate
absolute threshold, as measured behaviorally (Trahiotis and
Elliot, 1970; Igarashi et al., 1979a), or
electrophysiologically (O-Uchi et al., 1982; Iurato et al.,
1978; Rajan et al. 1990). Capps and Ades (1968) observed
that COCB transection in squirrel monkeys substantially
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worsened frequency discrimination, as measured behaviorally
in a frequency difference limen task. In contrast, Igarashi
et al. (1979b) did not observe reduced frequency
discrimination in cats subsequent to COCB transection, when
similar behavioral techniques were employed. Following COCB
transection in cats and monkeys, Dewson (1967, 1968)
observed a decrement in behavioral detection of signals
presented in noise. Thus, COCB interruption has yielded
contradictory effects on signal discrimination and
detection in noise.
After transection of the medial efferent pathway
(COCB) in guinea pigs, Bonfils et al. (1986a) reported no
effects on single unit tuning curves, although a reduction
in masking effects on the compound action potential (CAP)
was observed. Similarly, Bonfils and Puel (1987) found that
sectioning medial efferents in guinea pigs reduced CAP
masking effects. Curiously then, a form of masking release
has been reported, both from COCB transection (as discussed
here) and from electrical stimulation of the COCB (as
discussed previously, on page 8).
Following transection of the crossed and uncrossed MOC
fibers, Bonfils et al. (1986b) reported alterations in
single unit tuning curve configurations for fibers with
"mid-range CFs". No change in Qao was observed in these
fibers. It is important to note, however, that this
determination was made by comparing post-surgical tuning
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curves to recordings made from other, non-surgical animals.
In the one Instance in which pre- and post-surgical
recordings were made from the same cochlear nerve fiber,
threshold elevation of 32 dB was reported, along with a
decrease in Q10 value from 16.1 to 11 (see their fig. IB,
page 286). Recently, Rajan et al. (1990) observed that
transection of the COCB in guinea pigs produced no change
in CAP tuning curves or N x thresholds. On the other hand,
earlier and Pujol (1982) demonstrated that total OCB
section in rats and cats decreased CAP tuning curve 0iO
values while not affecting threshold. It is essential that
attempts to assess the influence of OCB transection on
frequency selectivity do so without affecting auditory
threshold, because it has been shown that threshold
elevation alters cochlear tuning (Brown and Abbas, 1987;
Harrison et al., 1981).
It is apparent from foregoing sections that the role
of the cochlear efferent system is not well defined.
Nonetheless, the evidence described above suggests that:
(A) Distortion products and tuning curves reflect the
integrity of mechanical processes within the cochlea; and
(B) Cochlear mechanics may be influenced by OCB activity.

Therefore, the purpose of this study is to examine the
influence of tonic OCB input on cochlear mechanics by:
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1.

Completely transecting the olivocochlear bundle in
guinea pigs, including histochemical verification of
transection.

2.

Evaluating the effects of OCB transection on acoustic
distortion products measured in the ear canal.

3.

Evaluating the effects of OCB transection on ABR tuning
curves.

METHODS

A. SUBJECTS
Experimental animals were young pigmented guinea pigs
of either sex, weighing between 250 and 350 grams. Animals
were treated in conformance with Federal, state, and
institutional animal care guidelines, as well as
institutional animal research committee regulations.

B. INSTRUMENTATION
Distortion Products
The stimulus signals fa. and fa (primaries) were
generated by a pair of Hewlett Packard 200CD oscillators,
routed through two Hewlett Packard 350D attenuator sets, to
Etymotic ER-2 insert receivers, using appropriate resistive
matching. Primary frequencies were 8400 Hz and 10,000 Hz
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for fa. and f2 respectively, yielding an fa/fa. ratio of
1.19. This ratio produced the largest distortion product

amplitudes of the ratios evaluated in this laboratory, and
is in reasonable agreement with similar studies involving
guinea pigs (Cf. Brown, 1987; Puel and Rebillard, 1990).
The insert receivers were coupled to an Etymotic BR
IO probe microphone, fitted with a soft, pediatric
otoadmittance probe tip. The probe tip was sealed into the
external ear canal (EAC) with rubber cement. The output of
the microphone was directed to a Hewlett Packard 3561A
spectrum analyzer equipped with extended "bubble" memory.
For analysis of 2fa.-fa (6800 Hz) and 3fa.-2f2 (5200 Hz), an
analysis bandwidth of 59.678 Hz and a frequency span of
6250 Hz were employed. For f3-fa. (1600 Hz), a bandwidth of
9.5485 Hz and a span of 1000 Hz were utilized. Actual

measurements were the values of 16 RMS averages. An example
of a "family" of distortion products is provided in figure
1, for primaries presented at 70 dB SPL. The system was

calibrated daily. The instrumentation for distortion
product measurement is illustrated in figure 2.
Auditory Brainstem Response Thresholds
Probe stimuli were 2-, 6.8-, 8.4-, 10-, 14-, and 18 kHz
tonebursts, generated by a Hewlett Packard 200CD oscillator
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DISTORTION PRODUCT FAMILY
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FIGURE 1.
Distortion products recorded from a normal guinea pig ear canal when the
primaries were presented at 70 dB SPL. FI «■ 8400 Hz; F2 = 10000 Hz;
F2 - F1 - 1600 Hz; 3F1 - 2F2 - 5200 Hz; 2F1 - F2 - 6800 Hz.
Upper range of vertical scale (-3 5 dBV) • 76 dB SPL.
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INSTRUMENTATION FOR DISTORTION PRODUCT
MEASUREMENT

ATTENUATOR

INSERT
REC.

PROBE MIC

ATTENUATOR

INSERT
REC.
MIC ^
PREAMP

SIGNAL
ANALYZER

FIGURE 2.
Primaries were generated by Hewlett Packard 200CD oscillators, each
routed through Hewlett Packard 350 D attenuator sets, to Etymotic ER-2
insert receivers. The insert receivers were coupled to an Etymotic ER-10
probe microphone. The output of the microphone was directed through an ER
1072 preamplifier, to a Hewlett Packard 3561A spectrum analyzer.

and gated by a Modular Instruments (MI3 ) system, under
computer control. Tonebursts had 1 ms rise-fall times and
5-ms plateaus, and were presented at a rate of 27.7/s.
Stimuli were delivered through the sealed probe assembly
described above. Needle electrodes were placed at the
vertex (active), caudal to the right ear (reference), and
in the muscle of the right hind leg (ground). Electrode
impedance was less than 5 kOhms. Electrical responses were
routed through a Grass P5 preamplifier (gain = 100,000;
filter passband = 100 - 3000 H z ) , to a Hewlett Packard
3561A spectrum analyzer for measurement. Two hundred and
fifty-six responses were time-averaged per trial, and
displayed in an 8 ms window. Visual detection threshold
(VDT) was defined as the lowest intensity for which a
replicable amplitude of 0.3 uv for wave I (Na.-Pa ) could be
obtained, as illustrated in the ABR intensity series in
figure 3. The system for ABR threshold measurement is shown
in figure 4.

Auditory Brainstem Response Tuning Curves
The toneburst probe stimulus was generated at 10 kHz,
as for ABR threshold measures. White noise from a locally
constructed noise generator served as the masker source.
The broadband masker was routed to a Wavetek 753A Brickwall
filter (115 dB/octave rolloff), amplified with a gain of 20
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ABR INTENSITY SERIES

65 dB

55 dB

O.S
uVolt

45 dB

35 dB

25 dB

21 dB
0

Sec

8 mSec

FIGURE 3.
Guinea pig ABR intensity series for a 10 KHz toneburst presented in 10 dB
steps from 65 dB pSPL to 25 dB pSPL. Wave I threshold is seen at 21 dB
pSPL, where N1-P1 amplitude is 0.34 uv. Stimulus and recording parameters
were as described in the text.

INSTRUMENTATION FOR AUDITORY BRAINSTEM RESPONSE
AND TUNING CURVE MEASUREMENT

NOISE
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FIGURE 4.
(a) Stimulus presentation. For ABR measurement, pure tones
generated by the HP 200CD oscillator were shaped and gated
by computer, to create tonebursts which were presented via
an ER-2 insert receiver. For tuning curve measurement, a
narrow band masker w as gated and shaped by computer, and
presented with the toneburst a s depicted in Figure 5.
(b) Instrumentation for the recording of evoked responses.

dB, and low-pass filtered at 50 Hz. The resultant low-pass
noise was directed to a locally constructed multiplier and
multiplied by pure-tones to form 100 Hz-wide narrow bands
of noise, centered on the frequency of the pure-tone. The
following masker frequencies were used: 8.0-, 9.0-, 9.4-,
9.6-, 9.8-, 9.9-, 10.0-, 10.1-, 10.2-, 10.4-, 10.6-, 11.0-,
and 12.0 kHz. The bands of noise were gated and shaped to
yield rise-fall times of 1 ms, with a 50-ms plateau, under
control of the MI 3 system. The masker and probe were then
independently directed to Hewlett Packard 350D attenuator
sets, and subsequently to a locally constructed mixer.
Presentation timing of the probe and masker was as depicted
in figure 5, with the probe centered on the mid-point of
the gated masker. The signal averager was triggered by a
TTL pulse at the onset of the probe. The interstimulus
interval was 209 ms. Sixty-four to 128 responses were timeaveraged per trial, and displayed in an 8 ms window. The
probe and masker were delivered to the animals in the
sealed probe system described in the Distortion Products
section. The instrumentation for tuning curve measurement
is illustrated in figure 4.

Calibration
Acoustic calibration of intensity was carried out
using a Bruel and Kjaer (B & K) 1/4-inch microphone (4135)
and a Bruel and Kjaer 2609 measuring amplifier. Frequency

TEMPORAL ASPECTS OF STIMULUS AND MASKER

52

21.5

FIGURE 5.
Temporal aspects of stimulus and masker. All values are in ms.
The toneburst stimulus has linear 1 ms rise-fall times and a
5 m s plateau. The masker has linear rise-fall times and a 50
m s plateau. The stimulus is shown centered in the masker.
Stimulus onset is preceded by 21.5 ms of masker. The
Interstimulus interval is 209 ms. The interval between
masker offset and onset is 166 ms.

calibration was monitored using a Hewlett Packard 5211B
frequency counter. The frequency response and distortion
characteristics of the system were calibrated using the
Hewlett Packard 3561A signal analyzer. System
intermodulation distortion was at least 75 dB below the
primaries, as illustrated in figure 6. The probe assembly
was fitted to a cavity equal to the volume of guinea pig
external auditory canals (0.18 cc), which was coupled to
the 1/4-inch microphone. The system was calibrated before
each test session.
Toneburst stimuli and maskers used for ABR and ABR
tuning curve measurement were calibrated in peak SPL
(pSPL), using a Tektronix 5115 oscilloscope. While
presenting tonebursts, the output of the ER-2s was coupled
to the B & K microphone via the 0.18 cc cavity. The B & K
microphone output was routed through the measuring
amplifier to the oscilloscope, where peak-to-peak voltage
was measured. A pure tone of identical frequency was then
introduced in place of the toneburst, and adjusted until
the peak-to-peak voltage, as measured on the oscilloscope,
equaled that of the toneburst. The SPL value of the pure
tone was then read from the measuring amplifier, and three
dB added to that value to obtain a dB pSPL value.
Distortion product pure tone stimuli were calibrated in
SPL, directly from the measuring amplifier. The noise floor

DISTORTION PRODUCT MEASUREMENT SYSTEM
CALIBRATION: INTERMODULATION DISTORTION

A: STORED

25

750B CAL
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/□IV

-123 __________
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BW: 95. 485 Hz

SPAN:

10 000 Hz

FIGURE 6.
Intermodulation distortion in the system for measuring distortion products. The
recording w as made from the '‘dead” ear of a guinea pig (no ABR response to
tonebursts at 90 dB pSPL, at 2 7 , 6.8-, 8.4-, 10-, 14-, and 18- kHz). Primaries
were presented at 75 dB SPL. Distortion is not evident at least 75 dB below
the primaries. Analysis bandwidth = 95.485 Hz, frequency span = 10,000 Hz,
F-j = 8400 Hz, F2 » 10,000 Hz. Upper range of vertical scale ( - 27 dBV ) «=
84 dB SPL.
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of the measuring system ranged from -7 to -13 dB SPL, for
analysis bandwidths of 59.678 to 9.5485 Hz.

C.

EXPERIMENTAL PROCEDURES

Distortion Products
Animals were lightly anesthetized with 7.6 mg/kg of 5%
chloral hydrate administered subcutaneously (s.c.),
following pretreatment with 0.1 mg of atropine sulfate.
Heating pads were utilized to maintain a body temperature
of approximately 37° C. The probe assembly was sealed into
the right ear canal of the guinea pigs, using rubber
cement. The amplitude of 2fx-fs was then measured with the
primaries at fa. = f2 = 45 dB SPL. The probe could be
adjusted before the glue set, for approximately

30

seconds, to obtain maximum 2fa.-fa amplitude. For inclusion
in the study, a minimum 2f a - f 3 amplitude of 5 dB SPL was
required, for primaries presented at 45 dB SPL. Then, 500
Hz and 10 kHz pure tones were presented separately at 45 dB
SPL, and their amplitudes measured using the signal
analyzer. These amplitudes were subsequently matched during
postsurgical testing to ensure, as nearly as possible,
identical probe placement. The 500 Hz signal was used to
ensure that the probe was sealed tightly within the
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external canal, while the 10 kHz tone was selected to
permit replication of probe depth.
The distortion products 2fx-fa , 3fx-2fa , and fa-fx
were then evaluated by increasing the intensity of both
primaries in 5 dB steps, from 20 dB SPL to 75 dB SPL. When
responses first became visible, distortion product
threshold, defined as a replicable response at least 2 dB
above the noise floor, was measured in 2 dB steps. At the
conclusion of the series, 2fx-fa was rechecked at 45 dB
SPL. If the recheck yielded a distortion product response
more than 0.7 dB different from the original response, the
probe was reglued and positioned, and the series repeated.
The entire distortion product measurement sequence
typically required 15 minutes for completion.

Auditory Brainstem Response Thresholds
An additional one-third dose of chloral hydrate was
administered following distortion product measurement. Body
temperature was monitored via rectal probe, and maintained
at 37° C (+/- 1°) by heating pads. Wave I thresholds were
then obtained for 2-, 6.8-, 8.4-, 10-, 14-, and 18 kHz
tonebursts, descending in 10 dB steps from 75 dB pSPL,
until wave I amplitude fell below 0.3 uV. Stimuli were then
increased in 2 dB steps until VDT was reached. Inclusion
criteria were that VDTs be within 7 dB of norms established
for guinea pigs tested with this system. These norms were

28
in reasonable agreement (within 10 dB) with toneburst ABR
thresholds reported for guinea pigs by Hood et al. (1990).

ABR Tuning Curves
A 10 kHz toneburst "probe" was presented at 10 dB
sensation level (SL), with the animal prepared as above for
ABR threshold measurement, and the N^-Pi amplitude was
measured. Leaving the 10 kHz toneburst probe at 10 dB SL
thereafter, narrow-band maskers were introduced in
ascending, 10 dB steps, until Na.-Pi amplitude fell below
approximately 25% of its value at 10 dB SL. The masker was
then reduced in 2 dB steps until a 40% criterion reduction
in N^-Pa. amplitude was achieved. The masker intensity
required to reach criterion was determined for each masker
frequency employed, and the results were plotted as tuning
curves. For definition of the tuning curve tip, maskers at
the following percentages of 10 kHz were utilized: +/- 1%
(9,900- and 10,100 Hz); +/- 2% (9,800- and 10,200 Hz); +/4% (9,600- and 10,400 Hz). If these maskers did not yield
at least two points between the tip and 10 dB above the
tip, a masker at +/- 6% (9,400- and 10,600 Hz) was also
employed. The Q10 value was determined by dividing the
10,000 Hz center frequency by the bandwidth, as measured
from linear, least-square regression lines fitted to points
above and below the tip.
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D.

SURGICAL PROCEDURE
Five to seven days following pre-testing, guinea pigs

were again anesthetized with 5% chloral hydrate (7.6 mg/kg)
s.c., following pretreatment with 0.1 ml of atropine
sulfate. An additional one-third dose of chloral hydrate
was administered one-half hour following the initial dose.
The scalp and tracheal regions were shaved, and the
incision sites scrubbed with diluted zephiran chloride.
Xlyocaine was applied s.c., to both the midline of the
scalp from the frontal through the occipital regions, and
along the tracheal region from the presternum to larynx.
The animal was placed in a headholder in the supine
position. A 2 cm incision was then made along the trachea,
exposing the underlying fascia and muscle. This tissue was
separated by blunt dissection to reveal the trachea.
A tracheotomy was performed by making a small incision
between tracheal rings, and expanding the opening with
forceps, until it was approximately 2 mm wide. A plastic
cannula, made from polyethylene tubing (I.D. = 1.67 mm,
O.D. = 2.42 mm, length = 4 cm) was inserted into the
opening, and secured with a ligature around the trachea. A
small animal respirator (E and M Instruments, Physiograph
V5KG) was connected to the cannula, ventilating with room
air as follows: ratio = 1:1; rate = 25 per min.; pressure =
16 cm H zO ) .

Sodium Pentobarbital (25 mg/kg) was administered s.c.,
to reduce blood pressure and cerebral spinal fluid
pressure. A supplemental one-third dose was administered
one-half hour following the initial dose. The guinea pig
was then rotated into a prone position, and a 2.5 cm
midline sagittal incision was made in the scalp, from the
caudal orbit to approximately one cm caudal to the nuchal
crest. Periosteum and muscle were scraped laterally to
expose the central and right parietal bone. Using a dental
drill, a small square opening, approximately 0.5 cm across,
was slowly made in the right side of the interparietal
triangle. To reduce the possibility of acoustic trauma,
drilling was performed in one minute segments, separated by
rest intervals of three to four minutes. Once drilling was
complete, the opening was expanded using a small rongeur or
hemostat. Bone was removed from the parietal crest to the
right temporal line, limited rostrally by the transverse
sinus, and caudally by the nuchal crest. Bleeding from the
exposed edges of bone was controlled with electrocautery
and small pieces of gelfoam. The dura was opened at the
right lateral aspect of the cerebellum, and excess
cerebrospinal fluid was aspirated.
The cerebellum was then retracted medially, using
small pieces of moistened cotton, thus exposing the
paraflocculus on the right lateral wall of the cranium. The
paraflocculus was then aspirated, and small pieces of

gelfoam were used to control bleeding, with additional
medial retraction of the brainstem, the cochlear nerve was
exposed as it entered the internal auditory canal, at a
point ventral and slightly rostral to the subarcuate fossa.
The inferior vestibular nerve (IVN) was identified on the
dorsal aspect of the cochlear nerve, just ventral to the
superior vestibular nerve (SVN), as shown schematically in
figure 7. Using a small stapes hook, the IVN was avulsed,
taking care to preserve the cochlear nerve and artery
immediately beneath it, while avoiding the SVN above. The
cotton used for retraction was then removed, and the dura
closed using small pieces of moistened gelfoam. One hour
later, the gelfoam was removed and excess blood aspirated
from the cranium. The gelfoam was replaced and the incision
closed using silk suture.
Once the incision was closed, the animal was warmed by
heating pad and monitored for three to five hours, until
spontaneous respirations were observed, at a rate of at
least 30/min. At this point, the guinea pig was returned to
the supine position, and the tracheotomy tube and ligature
were removed. The trachea was suctioned frequently until
closed with a suture across two tracheal rings. Overlying
muscle and fascia were re-approximated, the incision closed
using silk suture, and the animal allowed to recover.
Once awake, pain was controlled with methadone
hydrochloride (10 mg/kg) administered s.c. If subsequent

SCHEMATIC OF OLIVOCOCHLEAR BUNDLE LOCATION WITHIN
THE INFERIOR VESTIBULAR NERVE

C o c h le a r
N erv e

Superior
Vestibular
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Right
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Brainstem
Inferior
Vestibular
Nerve

FIGURE 7.
Schematic representation of the location of the inferior vestibular nerve, which
carries the olivocochlear bundle. The cerebellum and brainstem have been
retracted medially, and the paraflocculus has b een aspirated. The olivocochlear
bundle w as transected by avulsing the inferior vestibular nerve at the point
indicated by the X.
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respiratory depression was noted, doxapram hydrochloride
(15 mg/kg) was administered s.c. Tetracycline was given
orally (415 mg/L, ad lib.) via the animals' drinking water,
for seven days following surgery.

E.

HISTOCHEMISTRY
Sixteen to eighteen days following surgery, animals

were retested as described above. Those whose pre- and
post-surgical ABR thresholds were within 5 dB were given an
overdose of sodium pentobarbital (50 mg/kg) i.p. and
decapitated. Both bullae were removed and opened widely to
expose the cochleae. The round and oval windows were
opened, and a small hole made in the apical bony capsule.
Cochleae were then fixed in a 5% formaldehyde solution for
two hours. Cochleae were subsequently rinsed in water, and
the bony capsule removed. Cochleae were stained for
acetylcholinesterase, using the El-Badawi and Schenk (1966)
modification of the Karnovsky and Roots (1964) procedure,
as described by Warr (1975). Following staining, cochleae
were rinsed in water prior to cutting sections of the
basilar membrane from the first and second turns. Surface
preparations were made from these tissue samples, and
viewed via light microscopy.

RESULTS
Histochemistry
Figure 8a demonstrates the dramatic decrease in
cochlear cholinesterase staining seen after OCB
transection, when compared to a normal, control cochlea in
figure 8b. Transection of the cochlear efferents produced
substantial reductions in cholinesterase staining as
follows: 1) Staining of tunnel crossing fibers and the
tunnel spiral bundle was virtually eliminated; 2) Staining
of the inner spiral bundle was greatly reduced, with a
small amount of clumping occasionally seen; and 3) Staining
beneath outer hair cells was greatly reduced, although not
eliminated. Four cochleae were treated with eserine
sulfate, yielding no detectable cholinesterase staining.
The virtual elimination of cholinesterase staining was
noted for the five animals included in the experimental
group, indicating that the OCB had been successfully
transected. In all animals studied, cholinesterase staining
of the untreated, left cochlea was utilized for comparison
with the right cochlea. Animals were included in the study
only if staining of the left cochlea was normal. Also
included in the following data analysis were four animals
(shams) who underwent surgery to expose the OCB, which was
then left intact. Cholinesterase staining for the shamgroup
was equivalent to that in figure 8b, indicating that the
OCB was intact.

CHOLINESTERASE STAINING IN A NORMAL AND A 35
DE-EFFERENTED GUINEA PIG COCHLEA

FIGURE 8.
(a) Cholinesterase staining in a guinea pig cochlea 18 days after OCB
transection, (b) Cholinesterase staining in a control guinea pig cochlea. In (b),
dark staining is se e n in the inner spiral bundle (ISB), tunnel spiral bundle
(TSB), tunnel crossing fibers (TCF), and beneath the three rows of outer hair
cells (OHC1-OHC3). Staining is greatly reduced or absent for th ese structures
in (a). MOO ■ modiolus. ABR thresholds, tuning curves and distortion products
w ere normal for both animals.
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ABR Thresholds
No significant difference was noted (based on a 2 X 5,
repeated measures ANOVA, pc.Ol) between ABR thresholds
measured before and after OCB transection (appendix A and
B). Significant interaction (p=.6510) was not observed
between stimulus frequency and condition (pre- and post
surgery), suggesting that, when threshold changes did
occur, they occurred randomly. That is, OCB transection did
not consistently result in either an improvement or
decrement in ABR threshold. Similarly, ABR thresholds were
not significantly changed (p=.7686) following surgery for
the sham group (appendix C and D ) . In no case did ABR
thresholds vary by more than 4 dB, from pre- to
postsurgical conditions.

ABR Tuning Curves
ABR tuning curves obtained before and after OCB
transection are presented in figure 9. The masker level
required to reach the Ni-Pa. criterion level did not vary by
more than 4 dB at the 10 kHz CF (appendix E), when
comparing pre- and post-surgical values. The largest
changes in tuning following OCB section occurred at 10.4
kHz, where 6 to 8 dB less masking was required to reach

AUDITORY BRAINSTEM RESPONSE TUNING CURVES
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ABR tuning curves of three experimental animals for various masker
frequencies before (Pre) and after (Post) transection of the olivocochlear
bundle. The probe is maintained at 10 kHz, at a presentation level of
10 dB SL. The Q10 value for each curve is shown in parentheses. The
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FIGURE 9 d & e
Continuation of the data presented in Figure 9 a - c.
ABR tuning curves of two experimental animals for various masker
frequencies before (Pre) and after (Post) transection of the olivocochlear
bundle. The probe is maintained at 10 kHz, at a presentation level of
10 dB SL. The Q10 value for each curve is shown in parentheses.
The animal ID number is in brackets.

39
criterion, for three animals (#36, #48, and #34).
Furthermore, the overall shape of the tuning curves is
similar before and after OCB transection.
As illustrated in figure 10a, section of the OCB
increased Qx0 values by 13.8 to 14.8% (tuning improved) for
two animals, while a decrease in Q xo of 8.0 to 10.9%
(tuning worsened) was seen in three animals. A similar
pattern is seen for the sham group, shown in figure 10b,
where the Q xo increased by 13.8% for one animal, while
reductions of 7.8 to 12.5% were seen for three animals.
Thus, OCB transection produced neither a consistent
improvement nor decrement in tuning for the experimental
and sham groups. For both the experimental and sham groups,
Qxo values ranged from 8.2 to 14.9.
Acoustic Distortion Products
Distortion product growth functions before and after
OCB transection are illustrated in figure 11. Plotted are
the mean distortion product amplitudes before (pre) and
after (post) sectioning the cochlear efferents, as a
function of different levels of the primaries. A striking
feature of the 2fx-f* function is the near superposition of
the pre and post functions. A 2 X 5, repeated measures
ANOVA revealed no significant differences between
distortion product amplitudes before and after transection
of the olivocochlear bundle (p=.0861; see appendix F and
G).

PERCENT AND DIRECTION OF CHANGE IN Q10 VALUE
Experimental Group

Sham Group

FIGURE 10.
(a) Percent and direction of change in Q10 value following
transection of the olivocochlear bundle. Q10 values Increased by
13.8 to 14.8 % for two animals, while an 8.2 to 10.9 %
reduction in Q10 is seen for three animals, (b) Percent and
direction of change in Q10 value following sham surgery. Q10
values increased by 13.8 % for one animal, while reductions of
7.8 to 12.5 % were seen for three animals.

DISTORTION PRODUCT GROWTH FUNCTIONS BEFORE AND
AFTER TRANSECTION OF THE OLIVOCOCHLEAR BUNDLE
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FIGURE 11.
Mean amplitudes of the three distortion products, as a function of
primary intensity, before (Pre) and after (Post) transection of the
olivocochlear bundle. Also shown are the standard deviations for
the given amplitude values.
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distortion product amplitude function for 2fx-fa is
generally linear from primary levels of 30 dB to 70 dB SPL,
with a degree of saturation seen at 75 dB SPL.
The distortion product growth function for fa-fx is
shown in figure lib. No significant differences were seen
in the mean distortion product amplitudes before and after
interruption of the OCB (p=.3732; see appendix H and I). In
one animal (#38), fa-fx could not be detected at 35 dB SPL.
Therefore, average amplitudes from the other animals were
computed at this intensity for purposes of statistical
analysis, with error term degrees of freedom reduced
accordingly. The growth function is somewhat curvilinear,
from 35 dB to 75 dB. The amplitude of fa-fx generally
increases at a slower rate than does 2fx-fa at the lower
primary levels (approximately 35 to 50 dB ) . Thereafter, the
two distortion products appear to grow at approximately the
same rate, through 70 dB SPL. However, the fa-fx function
exhibits no sign of saturation at the highest primary level
of 75 dB. Furthermore, fa-fx amplitudes were more variable
than those of 2fx-f3 , and could not be observed for primary
levels below 35 dB SPL.
Figure 11c presents the 3fx-2fa distortion product
growth function, before and after OCB transection. No
significant differences were observed (p=.5923) between
mean distortion product amplitudes before and after
sectioning the efferent bundle (see appendix J and K ) . The

growth function exhibits a step or notch for primary levels
of 70 dB SPL. The notch was somewhat obscured by the data
from 1 animal (#38) which did not demonstrate the pattern.
Below the notch, it appears that the growth rate for 3fx2fa is similar to that of 2fa.-fa/ but becomes steeper above
the notch. The growth rate of the distortion product is
demonstrably greater from 70 to 75 dB than for other
primary levels shown. The dynamic range for 3fx-2f= is
approximately 15 dB less than for the other two distortion
products. Furthermore, 3fx-2fa is much more variable than
2fx-f2 or f

i

, as indicated by the size of the standard

deviation bars in figure 11.
Mean distortion product growth functions for the sham
group are displayed in figure 12. Both the plotted values
and the overall shape of these figures are virtually
identical to those of the experimental group in figure 11.
In figure 12a, the growth function for 2fx-fa is linear for
primary levels from 30 to 70 dB. At 75 dB, a slowing in
growth rate is seen, although to a lesser extent than seen
for the experimental .group. From appendix L and M, it is
apparent that there is no significant difference (p=.1715)
in mean 2fx-fa amplitudes before and after the sham
surgery. The dynamic range for the sham group 2fx-fa
distortion product is approximately 40 dB, equal to that of
the experimental group.
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DISTORTION PRODUCT GROWTH FUNCTIONS BEFORE AND AFTER
EXPOSURE OF THE OLIVOCOCHLEAR BUNDLE (SHAMS)
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FIGURE 12.
Mean amplitudes of the three distortion products, as a function of
primary intensity, before (Pre) and after (Post) transection of the
olivocochlear bundle. Also shown are the standard deviations for
the given amplitude values.
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The growth rate for mean values of the fa-fa.
distortion product are presented in figure 12b. No
significant difference (p=.6059) was seen in mean
amplitudes, before and after surgery to expose the OCB (see
appendix N and O ) . As with the function for the
experimental group, the fa-fa growth rate is curvilinear,
with a slower increase in distortion product amplitude
noted for lower primary intensity levels. It should be
noted that fa-fa could be measured in one animal only (#74)
for primary levels of 35 dB SPL. Therefore, unlike the
experimental group, fa-fa amplitude values are not plotted
for that intensity.
Figure 12c illustrates the growth rate for mean values
of the 3fi-2fa distortion product, before and after sham
surgery. No significant difference (p=.2884) was noted in
mean amplitudes before and after surgery (see appendix P
and 0). Similar to the function for the experimental group,
a notch is seen in the growth rate, for primary levels of
70 dB SPL. This notch is present in the individual data
(appendix Q) of three of the four animals (#69, #65, and
#68). As noted for this distortion product in the
experimental group, the function appears to be steeper
above the notch than below it, exhibiting a greater rate of
growth from 70 to 75 dB than is seen at other primary
levels. The dynamic range of the 3fa.-2f2 function extends
from 45 to 75 dB, consistent with that of the experimental
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group. The amplitudes of 3fx-2fa were considerably more
variable than for the other two distortion products in the
sham group, as reflected by the size of the standard
deviation bars.

DISCUSSION

The purpose of this study was to determine the
influence of tonic efferent input on cochlear mechanics, by
transecting the entire OCB and observing changes in tuning
curves and acoustic distortion products. Results revealed
no consistent changes in tuning curve Qxo values or in the
growth functions for the multiplicative distortion products
2fi-f2 , fa-fx, and 3fx-2fa .

Confirmation of OCB Transection
Successful transection of the OCB was determined by
the virtual elimination of cholinesterase staining in
cochlear structures associated with efferent innervation.
In particular, cholinesterase staining disappeared or was
greatly reduced in inner spiral bundle, tunnel spiral
bundle, tunnel crossing fibers, and beneath the three rows
of outer hair cells, consistent with the findings of
Churchill et al., (1956); Vfarr, (1975); and Brown, (1987).

The slight amount of residual staining seen, particularly
beneath OHCs probably reflects some ubiquitous, nonspecific
cholinesterase, which did not dissipate when longer time
intervals (up to six weeks) elapsed between surgery and
histochemical analysis. Cholinesterase staining in the sham
group was identical to that of normal controls, indicating
that the OCB was intact. For both the experimental and sham
groups, OHC stereocilia were visible in the surface
preparations, and no gross evidence of hair cell
degeneration was noted.
The surgical procedure to transect the entire OCB was
successful (minimal cholinesterase staining and normal ABR
thresholds) in about 20% of the cases. The most common
complication was a "dead" cochlea subsequent to
interruption of the cochlear artery. The second most common
problem was incomplete OCB transection, as reflected by the
degree of residual cholinesterase staining. Finally,
respiratory complications were manifested in at least two
ways. First, fluid aspiration through the tracheotomy site
occurred, during, or after surgery, resulting in
occaisional respiratory and middle ear infections.
Secondly, the retraction of the brainstem required to
expose the OCB sometimes appeared to damage neural
respiratory centers, typically leading to respiratory
arrest within 2 days of surgery.
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ABR Threshold Measures Before and After OCB Section

OCB transection resulted in no more than 4 dB change
in ABR wave I thresholds for the six frequencies measured,
from 2 kHz to 18 kHz. It is therefore concluded that tonic
efferent input is not required to maintain normal threshold
sensitivity. This conclusion supports numerous other
studies, in which neither partial nor total OCB transection
affected behavioral thresholds (Trahiotis and Elliot, 1970;
Igarashi et al., 1979a) or electrophysiological thresholds
(O-Uchi et al., 1982; earlier and Pujol, 1982; Iurato et
al. 1978; Rajan et al. 1990). Gross changes in ABR waveform
morphology were not noted between pre- and post-surgical
test sessions, suggesting that auditory brainstem
structures had not been damaged during surgery.

Cochlear Frequency Selectivity Following OCB Transection

It can be seen in figure 9 that Q xo values for both
the experimental and sham groups ranged from 8.2 to 14.9.
This range is consistent with the Q 10 range of 7 to 16
reported by Brown and Abbas (1987) for wave III ABR tuning
curves in normal guinea pigs, using a forward masker and
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probe frequencies of either 10 kHz or 14 kHz. Additionally,
Qio ranges in the present study are in agreement with those
of Harrison et al. (1981), who recorded normal guinea pig
wave III ABR tuning curves using forward masking, for probe
frequencies from 10 kHz to 18 kHz. Thus, the tuning curve
data obtained before and after transection of the OCB
appear to reflect normal cochlear frequency selectivity.
In contrast, Mitchell and Fowler (1980) reported
guinea pig ABR Qa.o values ranging from 2.2 to 8.0 for wave
I, and a Q 10 range of 2.7 to 4.7 for wave III. In both
cases, the probe was centered at 8 kHz and simultaneous
tone-on-tone masking was employed to produce a criterion
50% reduction in the target wave amplitude. Differences
between Q la values obtained in the present study and those
of Mitchell and Fowler (1980) might be explained on the
basis of different probe frequencies and the requirement
that the target ABR wave be reduced 50% rather than 40%.
Furthermore, use of a tone-on-tone masking procedure may
account for at least some of the disparity. For example,
Weber et al. (1980) demonstrated that a tonal masker can
interact with the probe and create beats. The beats may
serve as an additional stimulus, requiring greater amounts
of masking to achieve criterion. Alternately, the beats may
interfere with the probe, and a lower amount of masking may
become effective. In either case, the tonal masker may
interact with the probe to present a less precise measure
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of frequency selectivity than is seen with narrow-band
noise maskers.
It is more difficult to account for the much smaller
Qio values (approximately 2.0 to 5.4) obtained by Rajan et
al. (1990), who employed simultaneous and forward tonal
masking to produce a criterion 25% reduction in CAP wave I,
for a 10 kHz probe. The difference cannot be explained on
the basis of CAP versus ABR differences, because it has
been shown that the procedures yield comparable frequency
selectivity in guinea pigs (Mitchell and Fowler, 1980;
Brown and Abbas 1987). It is possible that differences in
anesthesia regimens, and the type of masker used (narrow
band noise in the present study, tonal maskers in Rajan et
al., 1990) may underlie the discrepancies, as discussed in
the previous paragraph. In any case, the cause for the
differences in Q 10 values across studies remains
unresolved, and underscores the need for further
investigation of parametric variables and test-retest
reliability in CAP/ABR tuning curve measurement.
The tuning curve data in figures 9 and 10 indicates
that OCB transection did not consistently improve or worsen
frequency selectivity, as reflected by changes in Qio- The
variability in Q 10 values following OCB transection ranged
from an increase of 14.8% to a decrease of 10.9%. However,
a similar degree of change was observed in the sham group,
where changes in pre- and post-surgical Q lt> values ranged

from an increase of 13.8% to a decrease of 12.5%.
Furthermore, test-retest variability for 5 normal control
animals ranged from an increase of 13.5% to a decrease of
12.1%. Considering these data and the similarity in amount
of Qio change for the experimental and sham groups, it is
concluded that the Qio differences were not due to OCB
transection, but reflected normal variability for the
procedure.
The finding in the present study that total OCB
transection did not affect frequency selectivity appears to
conflict with the findings of earlier and Pujol (1982), who
reported a mean decrease in QiC values of 30 to 40%
following total OCB transection in cats and rats. These
authors employed simultaneous tone-on-tone masking (Dallos
and Cheatham, 1976) to obtain CAP tuning curves. Therefore,
if the probe and masker interacted to form beats (as
discussed above) or combination tones, increased masking
levels might be reguired to reach criterion, and frequency
selectivity might appear to decrease. Why this would occur
after surgery and not before is unclear, although the toneon-tone masker and probe interaction is known to be
unpredictable, at least in psychophysical studies
(Greenwood, 1972; Moore and Glassberg, 1982). It is also
possible that species differences might account for the
differences in Qao values. This seems unlikely, however,

52
because substantial differences in frequency selectivity
have not been reported between these species.
Bonfils and Puel (1987) demonstrated that CAP tuning
curves were broadened following COCB transection in guinea
pigs when a forward masher was utilized. Presumably, the
forward masker would not interact with the probe as
discussed above. Similarly, Bonfils et al. (1986a) reported
that CAP tuning became substantially worse following COCB
transection in guinea pigs, for measures obtained with
either simultaneous or forward tonal masking. In neither
study was CAP threshold elevated, nor was single unit
tuning impaired.
It is difficult to reconcile the findings of the
present study with those of Bonfils and Puel (1987) and
Bonfils et al. (1986a). The fact that ABR and CAP tuning
curves have been shown to yield comparable results
(Mitchell and Fowler, 1980; Dolan et al. 1985a; Klein and
Mills, 1981; Brown and Abbas, 1987), suggests that other
variables must be considered. Species differences are not a
factor, as guinea pigs were employed in all of these
investigations. One possible explanation, as discussed by
Warren and Liberman (1989b) is that at least part of the
forward masking phenomenon may depend on efferent feedback,
when the probe is presented within 100 ms of the masker,
and the masker is modederately long (at least 50 ms). In
such a case, efferent feedback of the masker serves to
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reduce the response to the probe. As a result, when the
efferents are transected, the suppressive effect on the
probe is reduced, and more masking is required to reach
criterion. In this sense, a release from forward masking
may occur when the OCB is transected. A follow-up study
will be proposed at the end of this section, in an attempt
to resolve the discrepancies between the forward masking
studies cited above and the present investigation.
Consistent with results of the present study, Rajan et
al. (1990) recently demonstrated that transection of the
COCB on the floor of the fourth ventricle in guinea pigs
resulted in no change in CAP tuning curves obtained with
either simultaneous or forward tonal masking. As in the
present study, the probe stimulus was centered at 10 kHz,
and delivered at 10 dB SL for tuning curve measurement.
Rajan et al. (1990) determined placement of the lesion by
electrically stimulating the midline regions of the floor
of the fourth ventricle until a 25 dB equivalent reduction
in N x was observed (Fex, 1959; Desmedt, 1962). Location of
the lesion was later verified histologically. In fact, it
was reported that some of the lesions appeared large enough
to have transected the uncrossed as well as crossed OCB.
Consequently, the results of the present study as well as
those of Rajan et al.

(1990), indicate that tonic OCB input

is not required to maintain normal cochlear frequency
selectivity, as reflected by tuning curve Qio measures. The
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implications of this observation on cochlear function will
be discussed in a later section.
The data of Rajan et al. (1990) do not support the
concept of OCB involvement in forward masking effects, as
transection of the efferents yielded no changes in CAP
masking. This result may again reflect species differences,
as Rajan et al. as well as Bonfils and Puel (1987) and
Bonfils et al. (1986a) studied guinea pigs while Warren and
Liberman (1989a) investigated cats. Again, this is a
tenuous explanation, as supportive data are lacking.
Because the results of the present study and those of
Rajan et al. (1990) contrast substantially with those of
Carlier and Pujol (1982), Bonfils et al. (1986a), and
Bonfils and Puel (1987), however, further investigation
appears to be warranted. A reasonable starting point would
be to utilize the surgical procedure and histological
verification of OCB transection employed in the present
study. Guinea pig ABR tuning curves could then be measured
via simultaneous and forward masking, comparing tonal
versus narrow-band noise maskers. Additionally, the
duration of masker, and the interval between probe and
masker could be systematically varied, to investigate the
possible involvement of the OCB in forward masking effects.
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Changes in Cochlear Mechanics Following
Elimination of Tonic OCB Input

Transection of the OCB had no effect on the
multiplicative distortion products 2fx-fa ,

f a - f i /

and

3 f x -

2fa , which are thought to reflect the status of cochlear
micromechanics (Kim et al., 1980; Mountain, 1980; Wit and
Ritsma, 1980). The fact that none of the three distortion
products were altered is noteworthy, because they span a
sizeable portion of the basilar membrane, from 1.6 kHz
f x )

( f a -

to 6.8 kHz (2f x — f a )• This region can be expanded to

include the loci of the primaries, at 8.4 kHz and 10.0 kHz.
Conseguently, the mechanical function of the cochlea
appears to have been unchanged by OCB section, at least
from 1.6 kHz to 10 kHz.
There is little in the literature to directly support
or challenge the finding of normal cochlear mechanical
function following loss of tonic OCB input. Recently, Puel
and Rebillard (1990) demonstrated that a midline section of
the COCB on the floor of the fourth ventricle had no effect
on the amplitude of 2fx-fa in guinea pigs. Although
histological verification of the lesion was not reported,
it was probably accurate, because the suppressive effects
of contralateral acoustic stimulation were eliminated.
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As a pharmacological parallel, Siegel and Kim (1982)
showed that perfusion of curare had no effects on the
amplitude of 2fx-fa and f2-fj.. It was felt that this
nicotinic antagonist had effectively blocked the COCB,
because the effects of electrical stimulation of the COCB
upon the distortion products disappeared following
perfusion. Thus the available literature tends to confirm
the observation that tonic efferent input is not needed for
the preservation of normal cochlear mechanics, as reflected
by multiplicative acoustic distortion products.
As mentioned earlier, distortion product amplitudes
were remarkably stable from pre- to post-surgical trials.
This consistency is probably attributable to the practice
of determining post-surgical probe placement by matching
probe tone amplitudes to levels measured pre-surgically.
Matching the amplitude of the 500 Hz tone was used to
ensure a good seal in the canal, while the 10000 Hz tone
served to match depth of insertion. Pilot data indicated
distortion product amplitude variations of 4 to 10 dB
before the amplitude-matching procedure was implemented.
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Implications of the Results for Models of Cochlear Function

The work of Mountain (1980) and Siegel and Kim (1983)
strongly suggested that the efferent system might serve as
a modulator of cochlear mechanical processes. Through
efferent control of the OHCs, the output of IHCs could be
modified by altering the mechanical interactions among
cochlear fluids, the basilar membrane, the tectorial
membrane, and OHC stereocilia. Further support for such
mechanical influences may be derived from Brown and Nuttall
(1984). These researchers demonstrated that electrical
stimulation of the COCB suppressed eighth nerve responses
in classic fashion, while producing no changes in IHC
electrical potentials.
The data from the present study do not contradict such
a role for the cochlear efferent system. Rather, these
findings suggest, as do those of Rajan et al. (1990), that
tonic efferent input is not necessary for the cochlea to
maintain normal mechanical functioning. This finding is not
entirely surprising, given that spontaneous activity has
been observed in only 12 - 14% of the efferent fibers
studied (Fex, 1962; Liberman and Brown, 1989a). Moreover
, when present, spontaneous discharge rate rarely exceeds
20 spikes/s, with the majority of fibers discharging at
lower rates (Fex, 1962; Warren and Liberman, 1986). In
contrast, all afferent fibers discharge spontaneously, and
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exhibit higher spontaneous rates as well (Liberman, 1978;
Geisler, 1990). Thus the relative absence of spontaneous
efferent fiber discharge reinforces the notion that tonic
OCB input is not important to normal cochlear function.
The foregoing observation that tonic efferent input is
not needed for normal mechanical functioning challenges the
proposed role of the OCB as providing a "feedback control
mechanism" (Cf. Fex, 1962; Kim, 1984; Brown, 1989) for
cochlear function. That is, a feedback control circuit is
most effective when it can increase and decrease the
performance of a system relative to a set point. The tonic
input of the OCB was thought to provide such a set point.
However, as the data in the present study demonstrate no
changes in cochlear function following elimination of the
supposed set point, a role for the OCB as a feedback or
homeostasis mechanism must be questioned.
It has been proposed that active, energy-producing
processes within the cochlea underly such functions as
sensitivity for low intensity sound and sharp tuning
(Davis, 1983; Kim, 1986). Furthermore, it appears that
acoustic distortion products indicate the status of these
active processes (Kemp, 1978; Zurek et al., 1982), in that
the distortion product reflects sound energy not present in
the input signal. In other words, the distortion product is
energy generated by the cochlea itself. As such, the
absence of effects on distortion products subsequent to OCB
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transection suggests that tonic efferent input is not
involved in the normal maintenance of the active processes.
The lack of tonic OCB influence on cochlear function
suggests that the efferents must be activated by some
central mechanisms. Attempts to infer the source and effect
of OCB activation from studies employing electrical
stimulation must be made with caution. Clearly, the rates
of electrical stimulation employed in most such studies
(typically 200 - 600 shocks/s) are too high to be
physiologically relevant. Both Fex (1962) and Liberman and
Brown (1986) observed that OCB neurons discharged at fairly
low rates (10 - 20 spikes/s, rarely as high as 60/s) for
stimuli up to 60 dB SPL. Thus, under "real world"
conditions, the efferent neurons discharge at rates well
below those employed in electrical stimulation studies. The
question then arises as to what type of activation causes
the OCB to alter cochlear mechanics under physiological
conditions.
A growing body of evidence suggests that
contralateral sound may serve to activate the cochlear
efferents. Brown and Norton (1990) have shown that
contralateral broad band noise or pure tones altered
distortion product amplitudes recorded in human ear canals.
Collet et al. (1990) demonstrated that low intensity
contralateral white noise (as low as 30 dB SPL) produced
approximately 1 dB of suppression of ipsilaterally recorded

evoked oto-acoustic emissions in humans. Similarly, Puel
and Rebillard (1990) found that contralateral white noise
reduced distortion products recorded from the ear canals of
guinea pigs by about 3 dB. Thus, all of the foregoing
suggest that contralateral stimulation is capable of
altering cochlear mechanics, as reflected by changes in
acoustic distortion products or evoked oto-acoustic
emissions. While such studies offer compelling evidence for
contralateral activation of efferent fibers, it should be
noted that the resulting effects are typically small, and
functional significance is therfore uncertain.
Rather than exerting its effects at the peripheral
level, the OCB may influence events at more central
locations. Buno (1978) and Murata et al. (1980) have
indicated that contralateral sound stimulation altered the
responses of cochlear afferent nerve fibers to tones
presented ipsilaterally at fiber CF. Furthermore, Warren
and Liberman (1989a) confirmed this observation, and
established that such suppressive effects of contralateral
acoustic stimulation were eliminated by total transection
of the OCB at the level of the internal auditory canal.
Thus, the efferent system may well function to reduce the
level of signal reaching higher auditory centers. Such a
role in attenuating central input, particularly to the
cochlear nucleus, has been proposed by Fex (1962),
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Wiederhold and Klang (1970), Warren and Liberman (1989a),
and others.
Some important advantages could attend efferent
reduction of acoustic information to central processors.
First, when competing signals are present, input
attenuation could improve the signal-to-noise ratio, and
improve frequency discrimination as suggested by a number
of animal studies (Capps and Ades, 1968; Dewson, 1967;
1968). Secondly, under difficult listening conditions,
attenuation of auditory input could reduce the load on
sensory integration and association areas, for the purpose
of enhancing selective attention or other sensory modes
such as vision (Oatman, 1971, 1976). If indeed the COCB has
such a central role, it is unlikely that the loss of tonic
input would be reflected by changes in peripheral processes
such as tuning curves and acoustic distortion products.
One way of investigating possible roles of the COCB in
central processes would be to measure "higher level" evoked
potentials before and after transection of the OCB.
Specifically, the middle latency response, which is
generally felt to be generated at levels central to the
brainstem (Picton et al., 1974), could be evaluated before
and after OCB interruption. Furthermore, it would be of
interest to determine if moderate level contralateral sound
exhibited a suppressive effect on the MLR. If an effect
were seen, OCB transection should subsequently eliminate
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the effect. Finally, the use of MLR permits the use of
frequency-specific stimuli, to determine if OCB effects
might differ as a function of frequency.
A final role for the OCB may be the protection of the
cochlea from acoustic trauma. For example, Rajan and
Johnstone (1988) reported that contralateral sound could
protect the ipsilateral ear from noise damage via the COCB.
Cody and Johnstone (1982) inferred a similar role for the
COCB, in noting that binaural sound exposure modified
temporary threshold shift. On the other hand, Liberman,
(1990) has presented data indicating that the efferents
offer no more protection from noise exposure than could be
accounted for by activation of the middle ear reflex.
Consequently, although attractive, this protective role for
the OCB remains unresolved.

SUMMARY AND CONCLUSIONS
Results of the present study indicate that tonic
olivocochlear bundle input is not necessary for normal
cochlear mechanical function. Total transection of the OCB
did not alter frequency selectivity as reflected by tuning
curve Q 10 values. Similarly, interruption of efferent
fibers did not alter cochlear mechanical nonlinearities as
reflected by acoustic distortion products. As such, it is
unlikely that the efferents are responsible for maintaining
a "set point" for cochlear operation. Rather, it is

concluded that the OCB normally exerts an Influence on
cochlear mechanics only when activated by sound. The
possible involvement of the OCB in the forward masking
phenomenon has been suggested, although the issue remains
unresolved. Finally, when activated, the OCB may play a
role in reducing auditory input to the cochlear nucleus and
higher centers, to improve aspects of central auditory
processing.
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APPENDIX A
ABR thresholds (in dB pSPL) before (Pre) and following (Post) transection of the
olivocochlear bundle.

Animal no.
Frequency
(kHz)
2.0
6.8
8.4
10.0
14.0
18.0

Pre
33
28
26
26
27
32

36
Post
30
26
28
30
27
31

Pre
35
31
28
26
30
29

48
Post
37
30
24
22
29
27

Pre
34
28
30
25
26
28

34
Post
30
28
26
23
30
30

Pre
39
34
26
24
27
30

45
Post
35
32
28
28
29
32

Pre
33
29
25
24
26
33

38
Post
33
31
26
22
27
32

76

APPENDIX B
ANOVA Summary Table for ABR thresholds before (Pre-) and After
(Post-) transection of the olivocochlear bundle.
Source of
Degrees of
Sums of
Mean
F-ratio
variation______ freedom______ squares_____ squares_____________
1
Pre-post
1.3500
1.3500
.5548
4
Error
9.7333
2.4333
Stimulation
level
Error

5
20

491.4833
134.9333

98.2967
6.7467

Interaction
Error

5
20

12.1500
72.2667

2.4300
3.6133

Total

59

756.5833

"Significant beyond the .01 level

14.5697"
.6725

APPENDIX C
ABR thresholds (in dB pSPL) for sham animals before (Pre) and
after (Post) surgery to expose the olivocochlear bundle (Shams).

Animal no.
Frequency
(kHz)
2.0
6.8
8.4
10.0
14.0
18.0

Pre
28
25
23
21
27
32

74
Post
26
25
24
23
29
30

Pre
31
28
25
23
26
34

69
Post
31
27
25
21
24
33

Pre
30
25
26
25
25
27

65
Post
28
27
28
24
27
29

Pre
32
27
27
25
27
29

68
Post
34
25
24
26
24
31

'■J

"-J
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APPENDIX D
ANOVA summary table for ABR thresholds before (Pre) and after
{Post) surgery to expose the olivocochlear bundle (Shams)

Source of
variation
Pre-post
Error

Degrees of
freedom
1
3

Sums of
squares
.1875
5.7292

Mean
squares
.1875
1.9097

Primary
level
Error

5

311.6875

62.3375

15

103.5625

6.9042

Interaction
Error

5
15

.6875
32.8958

.1375
2.1931

Total

47

470.8125

* Significant beyond the .01 level

F-ratio
.0982
9.0290*

.0627

APPENDIX E
The masker levels (dB pSPL) required to reach Nx-Px amplitude criterion before
(Pre) and after (Post) transection of the olivocochlear bundle. Values of the
maskers are shown for the tip (10 kHZ), and for four frequencies above and below
the tip.

Masker
Frequency
(kHz)
36
Pre Post
10.0
20
20
10.1
21
23
27
10.2
24
10.4
33
27
10.6
35
31
9.9
21
21
9.8
25
23
27
9.6
26
9.4
30
32

Animal no.
48
Pre Post
18
14
20
15
21
16
24
18
28
25
20
15
22
17
23
20
30
28

34
Pre Post
17
15
20
18
24
20
27
35
37
31
18
19
20
22
28
23
32
31

Pre
17
22
24
27
34
20
24
28
31

45
Post
20
23
25
29
34
24
26
30
34

38
Pre Post
15
15
17
16
20
18
22
22
30
30
17
16
20
18
22
24
30
27

sj

VO

APPENDIX F
Distortion product amplitudes before (Pre) and after (Post) transection of the
olivocochlear bundle
2F*-F3
Animal no.

Primary
Level
(dB SPL)
75
70
65
60
55
50
45
40
35
30

Pre
32.8
31.1
24.2
18.5
13.8
10.4
5.8
1.2
-3.8
-7.4

36
Post
33.0
32.4
28.5
21.0
14.8
9.1
5.0
0.4
-4.3
-8.2

Pre
32.0
31.4
26.2
19.3
15.0
11.4
7.5
2.3
-4.3
-7.1

48
Post
31.0
30.6
25.6
17.0
11.6
9.1
5.6
0.2
-3.3
-6.6

Pre
33.1
29.7
19.9
15.5
11.1
6.8
5.2
-1.9
-6.2
-9.1

34
Post
30.1
26.1
19.6
14.2
11.2
7.9
4.1
-1.2
-6.6
-7.9

45
Pre Post
30.9 28.3
28.6 26.8
21.5 21.3
16.9 16.0
12.1 11.7
8.8
7.9
5.8
3.2
-1.9 -2.5
-5.2 -4.6
-8.1 -10.4

Pre
35.2
34.3
28.7
18.3
13.0
10.3
7.0
3.5
-2.8
-5.1

38
Post
33.8
31.8
24.1
16.5
13.1
8.9
6.4
0.4
-3.8
-7.5

APPENDIX G
ANOVA summary table for 2fi~f2 before (Pre) and after (Post)
transection of the olivocochlear bundle
Source of
Degrees of
Sums of
Mean
F-ratio
variation______freedom______squares_____squares____________
Pre-post
1
20.8862
20.8862
5.1149
Error
4
16.3336
4.0834
Primary
level
Error

9

17590.8245

1954.5360

36

71.1046

1.9751

Interaction
Error

9
36

6.2716
41.9032

.6968
1.1640

Total

99

17932.2475

* Significant beyond the .01 level

989.5745*

.5987

I

APPENDIX H
Distortion product amplitudes before {Pre) and after (Post) transection of the
olivocochlear bundle

Fz-Fx

Primary
Level
(dB SPL)
75
70
65
60
55
50
45
40
35

Animal no.
Pre
28.5
22.9
15.1
9.8
5.8
2.0
-1.0
-4.9
-6.1

36
Post
32.2
25.4
22.1
16.5
11.5
5.1
2.0
-2.2
-4.7

Pre
32.2
22.5
15.3
13.7
9.0
4.3
-0.7
-3.7
-5.8

48
Post
29.4
25.4
20.7
13.6
9.1
5.7
1.7
-1.3
-4.8

Pre
32.8
23.9
18.6
13.9
9.7
6.2
2.3
0.3
-2.6

34
Post
34.7
24.8
19.8
14.5
8.6
4.9
2.7
1.5
-1.8

Pre
35.4
28.1
22.3
17.2
12.4
7.4
3.5
1.1
-1.4

45
Post
38.9
31.0
22.6
12.5
10.2
7.3
3.1
2.7
-0.7

Pre
32.7
27.8
18.4
12.3
6.2
2.4
-1.4
-3.9
-4.0

38
Post
31.6
24.4
16.4
11.7
5.0
0.0
-3.6
-5.8
-3.0

00

ro
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APPENDIX I
ANOVA summary table for f3-fi before (Pre) and after (Post)
transection of the olivocochlear bundle
Source of
variation
Pre-post
Error

Degrees of
freedom
1
4

Sums of
squares
18.5887
73.4715

Mean
squares
18.5887
18.3679

F-ratio

623.3494

Primary
level
Error

7

12822.4211

1831.7744

32

94.0342

2.9386

Interaction
Error

7
32

9.2435
63.7615

1.3205
1.9925

Total

87

13345.6767

1.0120

.6627

I

APPENDIX J
Distortion product amplitudes before (Pre) and after (Post) transection
of the olivocochlear bundle
3FX-2F*

Primary
Level
(dB SPL)
75
70
65
60
55
50
45

Animal no.
36
Pre Post
11.7 15.0
5.1
5.1
8.6
5.8
1.6
3.0
-3.3 -3.6
-9.1 -8.8
-10.6 -12.9

Pre
22.5
7.6
11.7
11.0
5.3
-0.3
-3.2

48
Post
19.2
4.7
8.3
5.7
0.7
-3.7
-5.6

Pre
10.7
1.6
3.0
-0.9
-5.5
-7.8
-12.4

34
Post
12.1
3.3
6.1
1.0
-2.7
-5.0
-8.6

Pre
8.7
7.1
2.2
-2.3
-7.3
-11.7
-13.0

45
Post
17.2
6.1
8.5
2.6
-2.8
-7.4
-8.4

Pre
20.4
12.2
8.0
4.6
-0.9
-5.7
-6.8

38
Post
18.4
10.5
7.4
5.4
-0.3
-5.0
-6.1

00
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APPENDIX K
ANOVA summary table for 3fa-2f2 before (Pre-) and after
(Post-) transection of the olivocochlear bundle
Source of
variation

Sums of
scruares

Mean
scruares

F-ratio

1
4

11.2000
132.0885

11.2000
33.0221

.3392

Primary
level
Error

6
24

4328.1770
131.3731

721.3629
5.4739

Interaction
Error

6
24

9.7008
35.9406

1.6168
1.4975

Total

69

5119.8257

Pre-post
Error

Degrees of
freedom

"Significant beyond the .01 level

131.7828'
1.0796
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APPENDIX L

Distortion product amplitudes before (Pre) and after (Post)
surgery to expose the olivocochlear bundle (sham animals).
2F a -F2

Primary
Level
(dB SPL)
75
70
65
60
55
50
45
40
35
30

Animal no.
74
Pre
35.5
33.4
29.1
22.8
16.2
12.9
6.6
3.8
-1.2
-5.9

Post
33.0
31.3
25.1
20.7
16.2
13.0
8.1
3.2
-2.3
-6.9

69
Pre
36.7
35.0
29.0
20.6
15.8
13.4
7.6
2.2
-2.8
-5.4

Post
35.2
32.1
27.4
22.7
17.1
13.0
8.0
4.7
-0.3
-3.9

65
Pre
31.3
27.1
20.3
15.5
12.1
8.7
5.3
0.2
-4.3
-8.2

Post
32.9
31.6
22.8
17.5
13.2
9.1
6.0
0.3
-4.9
-7.3

68
Pre
28.8
27.0
21.3
17.4
13.8
9.4
5.5
0.8
-5.2
-9.8

Post
26.7
25.9
20.8
16.6
12.1
8.9
5.2
-0.6
-4.8
-8.9

APPENDIX M
ANOVA summary table for 2fx-f2 before (Pre) and after (Post)
surgery to expose the olivocochlear bundle (Shams)
Source of
variation
Pre-post
Error

Degrees of
freedom
1
3

Sums of
squares
.0433
18.9090

Mean
squares
.0433
6.3030

Primary
level
Error

9

13539.3823

1504.3760

27

56.7931

2.1034

Interaction
Error

9
27

6.2373
34.3406

.6930
1.2719

Total

79

13999.1221

♦Significant beyond the .01 level

F-ratio
.0069
715.1946*

.5449

APPENDIX N
Distortion product amplitudes before (Pre) and after (Post)
surgery to expose the olivocochlear bundle (sham animals).

Pa-Fi
Primary
Level
(dB SPL)
75
70
65
60
55
50
45
40

Animal no.
74
Pre
34.0
25.8
16.2
9.8
5.8
3.1
1.3
-1.5

Post
31.2
22.7
15.1
10.6
6.3
2.2
-1.1
-3.3

69
Pre
29.7
22.1
14.4
9.1
5.7
2.8
0.5
-2.6

Post
31.9
23.7
16.7
11.2
6.8
3.7
0.5
-2.2

65
Pre
37.4
29.8
20.2
12.6
7.4
3.4
1.4
-1.1

Post
38.8
31.3
19.6
13.8
8.5
3.2
2.0
0.6

68
Pre
32.7
24.2
17.7
12.2
7.9
3.9
0.4
-2.6

Post
34.8
23.1
16.4
11.4
8.0
4.4
2.1
0.5

APPENDIX 0
ANOVA summary table for f3-fs. before (Pre) and after
surgery to expose the olivocochlear bundle (Shams)
Source of
variation
Pre-post
Error

Degrees of
freedom
1
3

Sums of
scruares
1.8226
16.4509

Mean
scruares
1.8226
5.4836

Primary
level
Error

7

8681.9276

1240.2750

21

71.0228

3.3820

Interaction
Error

7
21

3.2386
18.4184

.4627
.8771

Total

63

8910.1345

(Post)

F-ratio
.3324
366.7242*

.5275

88

APPENDIX P
Distortion product amplitudes before (Pre) and after (Post)
surgery to expose the olivocochlear bundle (sham animals).
3Fa-2Fa
Primary
Level
(dB SPL)
75
70
65
60
55
50
45

Animal no.
74
Pre
20.2
15.9
13.5
8.0
3.3
-1.1
-4.5

Post
21.3
17.0
15.0
10.3
5.6
0.8
-3.3

69
Pre
Post
14.3 16.2
6.3
3.8
7.5
8.6
2.7
3.5
-1.4 -2.2
-6.3 -6.8
-10.2 -11.1

65
Pre
Post
17.3 17.0
7.3
5.4
9.2
8.1
4.7
3.0
0.1 -1.7
-4.7 -4.0
-9.2 -10.3

68
Pre
Post
12.6
14.9
5.2
4.5
6.4
8.7
3.0
1.7
-3.8 -1.4
-7.7 -6.6
-12.1 -11.0

APPENDIX Q
ANOVA summary table for 3f a-2fa before (Pre) and after
(Post) surgery to expose the olivocochlear bundle (Shams)
Source of
variation
Pre-post
Error

Degrees of
freedom
1
3

Sums of
scruares
6.7902
12.2847

Mean
squares
6.7902
. 4.0949

F-ratio

295.905*

Stimulus
level
Error

6

3752.7844

625.4641

18

38.0471

2.1137

Interaction
Error

6
18

3.4536
11.1665

.5756
.6204

Total

55

4334.4655

* Significant beyond the .01 level

1.6582

.9278
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